Electromagnetic Radiation from Hot and Dense Hadronic Matter by Roy, Pradip et al.
ar
X
iv
:n
uc
l-t
h/
98
03
05
2v
3 
 1
2 
M
ay
 1
99
9
Electromagnetic Radiation from Hot and Dense Hadronic Matter
Pradip Roy, Sourav Sarkar and Jan-e Alam
Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Calcutta 700 064 India
Bikash Sinha
Variable Energy Cyclotron Centre, 1/AF Bidhan Nagar, Calcutta 700 064 India
Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Calcutta 700 064 India
The modifications of hadronic masses and decay widths at finite temperature and baryon density
are investigated using a phenomenological model of hadronic interactions in the Relativistic Hartree
Approximation. We consider an exhaustive set of hadronic reactions and vector meson decays to
estimate the photon emission from hot and dense hadronic matter. The reduction in the vector
meson masses and decay widths is seen to cause an enhancement in the photon production. It is
observed that the effect of ρ-decay width on photon spectra is negligible. The effects on dilepton
production from pion annihilation are also indicated.
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I. INTRODUCTION
Numerical simulations of QCD (Quantum Chromodynamics) equation of state on the lattice predict that at very
high density and/or temperature hadronic matter undergoes a phase transition to Quark Gluon Plasma (QGP) [1,2].
One expects that ultrarelativistic heavy ion collisions might create conditions conducive for the formation and study
of QGP. Various model calculations have been performed to look for observable signatures of this state of matter.
However, among various signatures of QGP, photons and dileptons are known to be advantageous as these signals
participate only in electromagnetic interactions, and therefore, retain their energy and momentum almost undistorted.
They thus carry the information of the reaction zone (from where they were produced) rather more effectively unlike the
hadrons which are strongly interacting and thus the signals get distorted by final state interaction. The disadvantage
with photons is the substantial background from various processes (thermal and non-thermal) [3]. Among these,
the contribution from hard QCD processes is well understood in the framework of perturbative QCD and the yield
from hadronic decays e. g. π0 → γ γ can be accounted for by invariant mass analysis. However, photons from the
thermalised hadronic gas pose a more difficult task to disentangle. Therefore it is very important to estimate photons
from hot and dense hadronic gas along with the possible modification of the hadronic properties.
In ultrarelativistic heavy ion collisions hadronic matter is formed after a phase transition from QGP. Even if such a
phase transition does not occur, realisation of hadronic matter at high temperature (∼ 150 – 200 MeV) and/or baryon
density ( a few times normal nuclear matter density) is inevitable. As a result the study of hadronic interactions at
high temperature and density assumes great significance. Such a study is also important in order to understand the
properties of compact stellar objects such as neutron stars where densities ∼ five to ten times normal nuclear matter
density are likely to be encountered. There are several other aspects where medium effects may play an important role.
For example spontaneously broken chiral symmetry of the normal hadronic world is expected to be restored at high
temperature and density [4] and this will be reflected in the thermal shift of the hadron masses. These modifications
can be studied by analysing photon, dilepton as well as hadronic spectra.
Progress in our understanding of hot and dense hadronic matter has been retarded since the underlying theory
for strong interaction, QCD, is nonperturbative at low energy regime. Because of this severe constraint considerable
amount of work has been done on model building (see e.g. Ref. [5]) in order to study the low energy hadronic states.
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Various investigations have addressed the issue of temperature and density dependence of hadronic masses within
different models over the past several years. Hatsuda and collaborators [6] and Brown [7] have used the QCD sum
rules at finite temperature and density to study the effective masses of the hadrons. Brown and Rho [8] also argued
that requiring chiral symmetry (in particular the QCD trace anomaly) yield an approximate scaling relation between
various effective hadronic masses, m∗N/mN ∼ m∗σ/mσ ∼ m∗ρ,ω/mρ,ω ∼ f∗pi/fpi which implies, that all hadronic masses
decrease with temperature. The nonlinear sigma model, claimed to be the closest low energy description of QCD [5]
however, shows the opposite trend, i.e. m∗ρ increasing with temperature [9]. Thus, there exists a lot of controversy in
the literature about the finite temperature properties of hadrons.
The nucleon-nucleon interaction is well described by semi-phenomenological one-boson-exchange models. Inclusion
of heavier mesons e. g. rho, omega and other multipion resonant states in the one-pion exchange model gives a good
description of low energy NN scattering data. However, in symmetric nuclear matter the interaction mediated by
pion and rho exchange averages out to zero. Therefore, many of the observed properties of hadronic interactions at
low energy can be understood by considering only omega and sigma meson exchange [10].
The change in the masses and decay widths of vector mesons propagating in a medium occurs due to its interaction
with the real and virtual excitations in the medium. In Mean Field Theory (MFT) the condensed scalar field is
responsible for the modification of the nucleon mass. In other words the nucleon mass changes due to the contribution
from scalar tadpole diagrams in the nucleon self energy [10,11]. The vector meson mass gets shifted due to the decrease
of the nucleon mass which appears through thermal loops in the vector meson self energy. The response of the nuclear
system to the external probe is characterised by the imaginary part of the vector meson self energy. The interaction of
the vector meson with the real particles (on-shell) present in the medium brings in a small change in the mass of the
vector meson but the net reduction in the vector meson mass can be attributed to its interaction with the nucleons
in the Dirac sea.
In an earlier calculation [12] we have shown the effects of temperature modified masses and widths on the photon
spectra. This has relevance to the conditions likely to be achieved at RHIC and LHC energies. However, due to
partial stopping of baryonic matter at the SPS energies, the central region of heavy ion collision can have non-zero
baryon density [13]. Hence it is necessary to include finite baryon density effects in the hadronic properties as well.
In the present calculation we have studied the medium modification of hadron properties both at finite temperature
and baryon density. In addition to this we have also included the effects of vacuum fluctuations in the nucleon self
energy. The photon emission rates are then estimated with medium modified mass and decay width of hadrons.
Possible effects on the dilepton emission rate have also been illustrated.
We organise the paper as follows. In Section II we calculate the temperature and density dependent properties of
vector mesons within the framework of Quantum Hadrodynamics (QHD). In Section III we discuss photon production
rates from hot and dense matter. Section IV is devoted to discuss the results of our calculations. In Section V we
present a summary and discussions.
II. MEDIUM EFFECTS
At non-zero temperature and density the pole of the propagator gets shifted due to interactions with real and virtual
excitations present in the system. Such a modification can be studied through the Dyson - Schwinger equation.
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IIa. Nucleons
In the Relativistic Hartree Approximation (RHA) the full nucleon propagator is given by,
GH(k) = G0(k) +G0(k)ΣH(k)GH(k) (1)
where ΣH(k) is the nucleon self energy which contains contributions from both scalar (Σs) and vector (Σ
µ
v ) tadpole
diagrams [10,11] and is given by
ΣH = ΣHs − γµΣHµv (2)
where,
ΣHs = i
g2s
m2s
∫
d4q
(2π)4
Tr[GH(q)] + ΣCTCs (3)
and,
ΣHµv = i
g2v
m2v
∫
d4q
(2π)4
Tr[γµG
H(q)] (4)
Here, ms (mv) is the mass of the neutral scalar (vector) meson , and, the nucleon interacts via the exchange of
scalar (vector) meson with coupling constant gs (gv). Σ
CTC
s is the counter term contribution required to subtract the
divergences in the scalar self energy. Since the vector self energy is finite, such a counter term is not required [10,11].
The pole structure of the full nucleon propagator in RHA resembles that of the non-interacting propagator with shifted
mass and four-momentum. The full nucleon propagator consists of a medium and a vacuum part. Mean Field Theory
is reproduced if one considers only the medium contribution. However, the inclusion of the vacuum part results in
divergences. One then introduces counterterms (ΣCTCs ) in order to subtract out the divergences. These constitute
the vacuum fluctuation corrections to MFT. Consequently, the effective nucleon mass reads,
ΣHs =M
∗ −M
= − g
2
s
m2s
4
(2π)3
∫
d3k
M∗
E∗
[nB(µ
∗, T ) + n¯B(µ
∗, T )]
+
g2s
m2s
1
π2
[
M∗3ln
(
M∗
M
)
−M2(M∗ −M)
− 5
2
M(M∗ −M)2 − 11
6
(M∗ −M)3
]
(5)
where,
nB(µ
∗, T ) =
1
exp[(E∗ − µ∗)/T ] + 1
n¯B(µ
∗, T ) =
1
exp[(E∗ + µ∗)/T ] + 1
E∗ =
√
(k2 +M∗2)
µ∗ = µ−
(
g2v
m2v
)
ρ
Here, ρ is the baryon density of the medium and is given by
ρ =
4
(2π)3
∫
d3k [nB(µ
∗, T )− n¯B(µ∗, T )] (6)
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IIb. Vector Mesons
The effective propagator for the vector boson is given by,
Dµν = − Aµν
k2 −m2V +ΠT
− Bµν
k2 −m2V +ΠL
+
kµkν
k2m2V
, (7)
where Aµν and Bµν are the projection operators [12], mV is the free mass of the vector meson and
ΠT (L) = Π
D
T (L) +Π
F . (8)
The transverse (longitudinal) component of the self energy, ΠDT (L) contains both finite temperature and density effects
and ΠF represents the contribution from the Dirac sea with modified nucleon mass. We use the following interaction
Lagrangian to evaluate the rho and omega self energies:
LV NN = gV NN
(
N¯γµτ
aNV µa −
κV
2M
N¯σµντ
aN∂νV µa
)
, (9)
where V µa = {ωµ, ~ρµ}, M is the free nucleon mass, N is the nucleon field and τa = {1, ~τ}.
The real part of the self energy is responsible for mass shifting and the imaginary part gives the decay width of the
vector meson in the medium. The physical mass of the vector meson can be obtained from the pole position of the
propagator in the limit |k| → 0 i. e. from the solution of the longitudinal or transverse dispersion relation in the rest
frame of the vector meson as given in appendix A. The rho decay width is calculated from the ρ π π loop by using
Landau - Cutkosky cutting rules at finite temperature, the details being presented in appendix A.
IIc. Spectral Function for Vector Mesons
The density of a stable hadron of mass m in a thermal bath is completely determined by the temperature, chemical
potential and the statistics obeyed by the species through the following equation
dN
d3x d3k ds
=
g
(2π)3
1
exp(k0 − µ)/T ± 1 δ(s−m
2) (10)
where g is the statistical degeneracy and k0 =
√
~k2 + s is the energy of the particle in the rest frame of the thermal
bath. The question one would like to ask is - how will eq. (10) be modified if the particle decays within the thermal
bath? This is a relevant question for ρ and ω mesons as their life times ( 1.3 fm/c and 23.5 fm/c respectively in
vacuum) are comparable to the strong interaction time scale and therefore they can decay within the thermal system
formed after ultra-relativistic heavy ion collisions. This problem has been addressed by Weldon [14] through the
generalisation of Breit-Wigner formula at finite temperature and density and its consequences on the dileptonic decay
of vector mesons have been studied in [15]. The distribution of an unstable particle in a thermal bath is given by [14]
dN
d3x d3k ds
=
g
(2π)3
1
exp(k0 − µ)/T ± 1 P (s) (11)
where P (s) is called the spectral function [16–18] can be calculated from the effective thermal propagator. It is given
by
P (s) =
[
1
π
ImΠ
(s−m2V +ReΠ)2 + (ImΠ)2
]
(12)
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Equation (11) indicates that to obtain realistic results for the photon production through a reaction involving unstable
particle in the external line the finite width of the particle should be taken into account by introducing the spectral
representation of the corresponding particle and integrating over s [19]. This is done in our calculation for the unstable
vector mesons appearing in the external line in reactions for photon production. In case the unstable particle appears
in the internal line the finite width of the particle is taken into account through effective propagators. It is interesting
to note that the spectral function reduces to a Dirac delta function δ(s − m2V + ReΠ) in the limit ImΠ → 0 i.e.
when the particle is stable. In the calculation of the imaginary part of the self energy ImΠ of ρ say, one must in
principle, include all the processes which can create or annihilate a ρ in the thermal bath. However, within the ambit
of the model adopted in the present work we have seen that the most dominant contribution to ImΠ comes from the
ρ− π − π interaction in the temperature and density range of our interest.
III. PHOTON EMISSION
To evaluate the photon emission rate from a hadronic gas we model the system as consisting of π, ρ, ω and η. The
relevant vertices for the reactions π π → ρ γ and π ρ → π γ and the decay ρ → π π γ are obtained from the following
Lagrangian:
L = −gρpipi~ρµ · (~π × ∂µ~π)− eJµAµ + e
2
Fµν (~ρµ × ~ρν)3, (13)
where Fµν = ∂µAν − ∂νAµ, is the Maxwell field tensor and Jµ is the hadronic part of the electromagnetic current
given by
Jµ = (~ρν × ~Bνµ)3 + (~π × (∂µ~π + gρpipi~π × ~ρµ))3 (14)
with ~Bµν = ∂µ~ρν − ∂ν~ρµ − gρpipi(~ρµ × ~ρν). The invariant amplitudes for all these reactions have been listed in the
appendix of Ref. [12].
For the sake of completeness we have also considered the photon production due to the reactions π η → π γ,
π π → η γ and the decay ω → π γ using the following interaction:
L = gρρη
mη
ǫµναβ∂
µρν∂αρβη +
gωρpi
mpi
ǫµναβ∂
µων∂αρβπ +
em2ρ
gρpipi
Aµρ
µ (15)
The last term in the above Lagrangian is written down on the basis of Vector Meson Dominance (VMD) [20]. The
invariant amplitudes for the reactions involving the η meson are given in appendix B.
The emission rate of a photon of energy E and momentum p from a thermal system at a temperature T is given by
E
dR
d3p
=
N
16(2π)7E
∫ ∞
(m1+m2)2
ds
∫ tmax
tmin
dt |M|2
∫
dE1
×
∫
dE2
f(E1) f(E2) [1 + f(E3)]√
aE22 + 2bE2 + c
(16)
where M is the invariant amplitude for photon production and
a = −(s+ t−m22 −m23)2
b = E1(s+ t−m22 −m23)(m22 − t) + E[(s+ t−m22 −m23)(s−m21 −m22)
−2m21(m22 − t)]
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c = −E21(m22 − t)2 − 2E1E[2m22(s+ t−m22 −m23)− (m22 − t)(s−m21 −m22)]
−E2[(s−m21 −m22)2 − 4m21m22]− (s+ t−m22 −m23)(m22 − t)
×(s−m21 −m22) +m22(s+ t−m22 −m23)2 +m21(m22 − t)2
E1min =
(s+ t−m22 −m23)
4E
+
Em21
s+ t−m22 −m23
E2min =
Em22
m22 − t
+
m22 − t
4E
E2max = − b
a
+
√
b2 − ac
a
.
IV. RESULTS
IVa. Hadronic Properties in the Medium
The effective nucleon mass (which appears in the nucleon loop contribution to self energies of the rho and omega
mesons) has been calculated, within the framework of the model defined above, in the RHA. The following values of
the coupling constants and masses [21] have been used in our calculations: κρ = 6.1, g
2
ρNN = 6.91,ms= 458 MeV,
mρ = 770 MeV, M = 939 MeV, g
2
s = 54.3, κω = 0, and g
2
v ≡ g2ωNN = 102. In Fig. (1) we depict the variation of
nucleon mass with temperature for a set of densities. We observe that the nucleon mass falls steadily with density for
a fixed temperature. However, the variation with temperature for given values of baryon densities shows interesting
features. At zero baryon density the nucleon mass decreases monotonically as a function of temperature, but for
finite densities it increases slightly before falling. This trend is similar to that obtained by Li et al [22], and may
be attributed to the modification of the Fermi-sea at finite temperature and density. Our calculation shows a 35%
reduction of the effective nucleon mass at T = 160 MeV and two times normal nuclear matter density compared to its
free mass. In order to highlight the effect of vacuum fluctuation corrections we compare the MFT results with those
obtained using RHA. This is plotted in Fig. (2). We observe that the effect of vacuum fluctuation is substantial for
higher values of the baryon density. The contribution of the antinucleons from the Dirac sea is responsible for such
an effect.
FIG. 1. Variation of nucleon mass with temperature for different values of baryon densities. Here, ρ0=0.1484 fm
−3 and
Tc=200 MeV.
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We now focus our attention to the properties of vector mesons due to N −N interactions at finite temperature and
baryon density. The major contribution to the medium effects on the rho and omega mesons, in this approach, arises
from the nucleon-loop diagram. For the dressing of internal lines in matter we restrict ourselves to Mean Field Theory
(MFT) to avoid a plethora of diagrams and to maintain internal consistency. Since the Walecka model does not have
chiral symmetry, it is rather difficult to predict anything reliable on the pion mass in this model, especially in the MFT
approximation [10,23]. On the other hand, in the models with chiral symmetry e.g. the Nambu-Jona-Lasinio model,
and the linear sigma model with nucleon, it is well-known that the pion mass is almost unchanged in so far as one is in
the Nambu-Goldstone phase. This is simply a consequence of the Nambu-Goldstone theorem in medium [24]; we thus
adopt the approach of keeping the pion mass constant. The longitudinal and transverse dispersion relations are shown
in Fig. (3) for two sets of coupling constants (gV , κV ) = (10.2, 0) and (2.63, 6) relevant for omega and rho mesons
respectively. One observes a small difference between the two modes in case of the omega meson. The vanishing
of this difference for the rho meson can be attributed to the smaller vector and larger tensor coupling constants as
compared to the omega meson. In Fig. (4) the effective mass of the rho meson is plotted against temperature for
various values of baryon density. We observe that the variation of the rho mass follows qualitatively the same trend
as that of the nucleon. In this case, the rho mass decreases by 45% at T= 160 MeV and two times normal nuclear
matter density compared to its free space value. This is due to the fact that the large decrease of the modified Dirac
sea contribution to the rho self energy dominates over the in-medium contribution which is seen to increase with
temperature. It has been shown [12,25] that the change in the rho mass due to rho pion interaction is negligibly
small at non-zero temperature and zero baryon density. In a different model calculation it has been shown by Klingl
et al [26] that up to to leading order in density the shift in the rho mass is very small. Therefore the change in rho
meson properties due to ρ− π − π interaction is neglected here. In another approach the in-medium modification in
the spectral function of the rho meson was studied [27–29] by including the medium effects on the ρ− π − π vertex
and the pion propagator in the delta-hole model at non-zero density. However, it is observed in these studies that
the rho mass remains almost unchanged due to rho-pion interaction up to normal nuclear matter density. Since in
this work we restrict our calculations within the realm of MFT, i.e the internal nucleon loop in the rho and omega
self energy are modified due to tadpole diagram only, the inclusion of vertex corrections and modification of the pion
propagator due to delta-hole excitation will take us beyond MFT and hence are not considered here. However, if one
includes the delta-hole polarisation (and N-N polarisation also) effects on pions, the rho mass may change from the
values obtained here due to ρ − π interaction for ρ > ρ0. We do not include the delta baryon in the present work.
FIG. 2. Same as Fig. 1 with (solid) and without( dashed) vacuum fluctuation corrections to MFT.
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FIG. 3. Longitudinal and transverse dispersion relation for vector mesons.
We evaluate the effective omega mass with the values of the coupling constants mentioned above. We observe in
Fig. (5) that the mass of the omega meson as a function of temperature follows qualitatively similar trend as that
of the rho meson. The quantitative difference in the rho and omega meson masses is due to the different numerical
values of the coupling constants e.g. the tensor interaction is absent in case of the omega meson.
FIG. 4. Variation of rho mass with temperature for various baryon densities.
FIG. 5. Variation of omega mass with temperature for various baryon densities.
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Now we demonstrate the in-medium effect on the decay width of rho meson. This is shown in Fig. (6). In this case
the observed enhancement of the decay width with temperature at non-zero values of the baryon density is solely due
to stimulated emission of pions in the medium. This is just a manifestation of the well known Bose enhancement
(BE) effect [12,30] which is more clearly observed in Fig. (7). We will show in the next section that the BE effect
plays an important role in the dilepton spectra.
FIG. 6. The ρ → pi pi decay width as a function of temperature for different values of baryon densities.
FIG. 7. Same as Fig. 6 with (solid) and without (dashed) BE effect.
IVb. Photons from Hadronic Matter
In the present section we evaluate the photon spectra from a hot and dense hadronic medium. The medium effects
enter through the polarisation functions in the vector meson propagator described by eq.(7). It is well known [31]
that the reactions π ρ → π γ , π π → ρ γ , π π → η γ , π η → π γ , and the decays ρ → π π γ and ω → π γ are the
most important channels for photon production from hadronic matter in the energy regime of our interest.
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FIG. 8. Photon emission rates as a function of energy of the emitted photon at T = 160 MeV. Solid and dashed lines show
the results for ρ/ρ0 = 2 and 1 respectively. The dotdashed line represents only finite temperature effects and dotted line shows
the result when no medium effect is considered.
FIG. 9. Same as Fig. 8 at T = 180 MeV.
We start with the reactions π ρ → π γ and π π → ρ γ. Fig. (8) shows the photon yields from these reactions as a
function of energy at T=160 MeV for various values of the baryon density. For the channel π π → ρ γ, we observe that
at two times normal nuclear density the emission rate of photons in the energy range 1-3 GeV increases by a factor of
∼ 6 compared to its value when no medium effect is taken into account. We can understand this enhancement from
a simple kinematical argument. For a given center of mass energy of the π − π system, the energy of a photon can
be written as Eγ = (
√
s −m2ρ/
√
s)/2. One can immediately see from here that the decrease in rho mass enhances
the possibility of getting a photon of higher energy. Let us now turn to the reaction π ρ → π γ. In this case also we
observe a similar enhancement in the photon yield at higher energies. However, at lower photon energies (< 1 GeV)
the enhancement is by a few orders of magnitude. The rho meson in the incident channel in this case appears as a
massless boson (γ) in the exit channel making available the rest mass energy of the rho to the kinetic energy of the
emitted photon. In Fig. (9), the same is shown at a temperature T = 180 MeV. The results are qualitatively similar
to the previous case with an increase in the absolute value of the photon yield.
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FIG. 10. Same as Fig. 8 for the reactions pi η → pi γ and pi pi → η γ.
FIG. 11. Same as Fig. 10 at T = 180 MeV.
We next consider the reactions π π → η γ, and π η → π γ. In Fig. (10) we plot the photon emission rates from
these reactions at T = 160 MeV for different baryon densities. It is interesting to note that with increasing values
of the baryon density the yield from the first reaction decreases whereas the opposite occurs for the second reaction.
Such a behaviour naturally follows from the rho mass (effective) dependence of the invariant amplitudes (see appendix
B). The same features are also observed at T = 180 MeV as shown in Fig. (11).
11
FIG. 12. Same as Fig. 8 for the decay ρ → pi pi γ.
FIG. 13. Same as Fig. 12 at T = 180 MeV.
Since the lifetimes of the rho and omega mesons are comparable to the strong interaction time scale it is necessary
to consider their decay channels. The possibility of detecting a high energy photon from the decay ρ → π π γ reduces
as the mass of the rho decreases with increasing baryon density. This is clearly observed from Fig. (12) at T = 160
MeV. The corresponding results for T = 180 MeV (Fig. (13)) shows a similar nature. In Figs. (14) and (15) we display
the photon spectra from omega decay for T = 160 and 180 MeV respectively. The medium effects in this case are
rather small.
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FIG. 14. Same as Fig. 8 for the decay ω → pi γ.
FIG. 15. Same as Fig. 14 at T = 180 MeV.
Finally, the total photon emission rate at T=160 MeV is plotted in Fig. (16) as a function of the energy of the
emitted photon for various values of baryon density. At twice normal nuclear matter density the photon yield is
seen to be higher by a factor of ∼ 4 compared to the case when the effects of the thermal bath on the hadronic
properties are neglected. This is true for almost the entire energy range of the emitted photon under consideration.
A qualitatively similar trend is observed at T = 180 MeV as shown in Fig. (17). As mentioned earlier, the delta-hole
polarization effects on pion and its consequences on photon spectra may be important which has been neglected in
the present work.
In order to accout for the fact that most of the photon producing reactions which we have considered contain
unstable particles (rho and omega) in the external lines we have folded the emission rate with the appropriate
spectral function of the unstable particle as given in eqs. (11) and (12). The limits of the s integration in the case
of different channel have been determined from kinematical considerations. The results for the reactions π π → ρ γ,
π π → π γ, ρ → π π γ and ω → π γ have been shown in Fig. (18). The difference caused by the inclusion of the
spectral function is observed to be ∼ a few percent. This is reflected in the total photon spectra as shown in Fig. (19).
From the set of photon producing reactions considered in this work it is clear that the rho and not the omega meson
plays the dominant role. Therefore the separation of the longitudinal and transverse mode in case of omega meson has
negligible effect on the total photon emission rate. In our calculation the full energy momentum dependence of the self
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energy of rho enters through the propagator (eq. (7)). However, we have observed that the quantity k20−k2 along the
dispersion curve (Fig. (3)) remains almost constant (∼ m∗2ρ , which is defined as k20 at k2 = 0 of the mass hyperbola).
In other words in this particular case as far as the photon emission rate is concerned a simple pole approximation of
the rho propagator at k2 = m2ρ reproduces the results obtained with the full propagator.
So far we have studied the effects of in-medium hadronic masses and decay widths on the photon spectra, where,
the latter is found to have negligible effects. However, the modification in the rho decay width due to BE, arising
from the induced emission of pions in the thermal medium, plays a crucial role in low mass lepton pair production. It
has been shown in Ref. [32] that this effect arises naturally in a calculation based on finite temperature field theory.
For the sake of illustration, we consider the effect of thermal nucleon loop on the lepton pair production from
pion annihilation via (rho mediated) vector meson dominance. In the work of Li, Ko and Brown [22], the observed
enhancement on the low mass dilepton yield was attributed solely to the the matter induced mass modification of the
meson, while neglecting the BE effect. In Fig. (20) the dilepton emission rate is plotted as a function of invariant
mass at a temperature T=180 MeV. It is clear from the figure that the inclusion of BE effects reduces the yield by
increasing the decay width. Quantitatively, a suppression by a factor of 3 is observed at the invariant mass, M = m∗ρ.
FIG. 16. Total photon emission rates as a function of energy of the emitted photon at T = 160 MeV. Solid and dashed lines
show the results for ρ/ρ0 = 2 and 1 respectively. The dotdashed line represents only finite temperature effects and dotted line
shows the result when no medium effect is considered.
FIG. 17. Same as Fig. 16 at T = 180 MeV.
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FIG. 18. Effect of spectral function of vector mesons on photon emission rates at T = 160 MeV and zero baryon density.
Solid (dotdashed) line shows results with (without) the inclusion of spectral function.
FIG. 19. Total photon emission rate at T = 160 MeV and zero baryon density.
FIG. 20. Dilepton emission rates as a function of invariant mass at T = 180 MeV and twice nuclear matter density. Solid
and dotdashed lines show the results with and without BE effects respectively. The dotted line shows the result when no
medium effect is considered.
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V. SUMMARY AND DISCUSSIONS
In this work we have studied the variation of effective masses and decay widths of nucleons and vector mesons at
non-zero temperature and baryon density within the framework of an effective Lagrangian approach. It is seen that
the nucleon mass for non-zero baryon density increases slightly with temperature before dropping. We have seen that
the effect of the vacuum fluctuation corrections to MFT value of nucleon mass is substantial at higher values of the
baryon density. However, the consequence of such an effect on the vector meson mass is minimal.
We have also estimated the photon emission rate from a hot and dense hadronic matter. The inclusion of in-medium
properties of hadrons enhances the emission rate. Although the effect of the decay width of the rho meson on photon
spectra is small, it affects the dilepton emission rate quite substantially in the low invariant mass region (see e.g.
Ref. [33]). An exhaustive work taking into account all the important dilepton producing channels will be published
shortly.
So far we have talked about the static (fixed temperature) emission rate of photons and dileptons. The calculated
spectra has to be folded with the space time evolution dynamics. This requires a self consistent calculation of the
equation of state, which is a fundamental ingredient to any hydrodynamical calculation. Because of the substantial
change in hadronic properties at finite temperature and density a simple Bjorken-like [34] hydrodynamical model
appears to be grossly inadequate. A rigorous calculation addressing these issues is in progress.
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APPENDIX A:
The polarisation tensor of a vector (omega or rho) meson due to V NN interaction is obtained from the Lagrangian
described by eq. (9) as
Πµν = −2ig2VNN
∫
d4p
(2π)4
Tr
[
Γµ(k)G(p)Γν(−k)G(p+ k)
]
(A1)
where
Γµ(k) = γµ + i
κV
2M
σµαkα (A2)
In a hot and dense medium moving with four velocity uµ the fermion propagator is given by [35]
G(p) = (γµp′µ +M∗)
[
1
p′2 −M∗2 + iǫ + 2πi
δ(p′2 −M∗2)
e|p·u| + 1
]
= GF (p) +GD(p) (A3)
with p′ν = pν + µ∗uν and |p · u| =√|p|2 +M∗2 − µ∗.
The vacuum part of the vector meson self energy due to NN¯ polarization in the modified Dirac sea is given by
ΠFµν = −2ig2VNN
∫
d4p
(2π)4
Tr
[
Γµ(k)GF (p)Γ
ν(−k)GF (p+ k)
]
(A4)
with
16
ΠF (k2) =
1
3
Re(ΠF )µµ
= −g
2
VNN
π2
k2
[
I1 +M
∗ κV
2M
I2 +
1
2
(
κV
2M
)2 (k2I1 +M
∗2I2)
]
(A5)
where,
I1 =
∫ 1
0
dz z(1− z) ln
[
M∗2 − k2 z(1− z)
M2 − k2 z(1− z)
]
, (A6)
I2 =
∫ 1
0
dz ln
[
M∗2 − k2 z(1− z)
M2 − k2 z(1− z)
]
. (A7)
Here, it is important to note that we have used the in-medium mass obtained by solving Eqs. (5) and (6) simultaneously.
The renormalization scheme employed by Hatsuda et al. [36]. has been adopted here.
In a hot and dense medium, because of Lorentz invariance and current conservation the general structure of the
polarisation tensor is of the form
Πµν = ΠT (k0, |k|)Aµν +ΠL(k0, |k|)Bµν (A8)
where the two Lorentz invariant functions ΠT and ΠL are obtained by contraction:
ΠL = − k
2
|k|2 u
µuνΠµν
ΠT =
1
2
(Πµµ −ΠL) (A9)
In the case of the vector meson interacting with real particle-hole excitations in the nuclear medium these are given
by
ΠDµν = −2ig2VNN
∫
d4p
(2π)4
Tr
[
Γµ(k)GF (p)Γ
ν(−k)GD(p+ k) + (F ↔ D)
]
= (ΠDv +Π
D
vt +Π
D
t )µν (A10)
with
(ΠDv )
µ
µ =
g2V NN
2π2
1
|k|
∫
pdp
ωp
[
(k2 + 2M∗2) ln
{
(k2 + 2|p||k|)2 − 4k20ω2p
(k2 − 2|p||k|)2 − 4k20ω2p
}
− 8|p||k|
] [
nB(µ
∗, T ) + n¯B(µ
∗, T )
]
(A11)
(ΠDvt)
µ
µ =
3g2V NN
π2
M∗
( κV
2M
) k2
|k|
∫
pdp
ωp
ln
{
(k2 + 2|p||k|)2 − 4k20ω2p
(k2 − 2|p||k|)2 − 4k20ω2p
}
×
[
nB(µ
∗, T ) + n¯B(µ
∗, T )
]
(A12)
(ΠDt )
µ
µ =
g2V NN
4π2
( κV
2M
)2 k2
|k|
∫
pdp
ωp
[
(k2 + 8M∗2)
× ln
{
(k2 + 2|p||k|)2 − 4k20ω2p
(k2 − 2|p||k|)2 − 4k20ω2p
}
− 4|p||k|
]
×
[
nB(µ
∗, T ) + n¯B(µ
∗, T )
]
(A13)
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The longitudinal component of the polarisation tensor is given by
ΠDL = Π
D,v
L +Π
D,vt
L +Π
D,t
L (A14)
with
ΠD,vL = −
g2VNN
4π2
k2
|k|3
∫
pdp
ωp
[
{(k0 − 2ωp)2 − |k|2} ln k
2 − 2k0ωp + 2|p||k|
k2 − 2k0ωp − 2|p||k|
+ {(k0 + 2ωp)2 − |k|2} ln k
2 + 2k0ωp + 2|p||k|
k2 + 2k0ωp − 2|p||k| − 8|p||k|
]
×
[
nB(µ
∗, T ) + n¯B(µ
∗, T )
]
(A15)
ΠD,vtL =
g2V NN
π2
M∗
( κV
2M
) k2
|k|
∫
pdp
ωp
ln
{
(k2 + 2|p||k|)2 − 4k20ω2p
(k2 − 2|p||k|)2 − 4k20ω2p
}
×
[
nB(µ
∗, T ) + n¯B(µ
∗, T )
]
(A16)
ΠD,tL = −
g2VNN
2π2
( κV
2M
)2 k2
|k|
∫
pdp
ωp
[{
2|p|2 − k
2
2
− (k
2 − 2k0ωp)2
2|k|2
}
× ln k
2 − 2k0ωp + 2|p||k|
k2 − 2k0ωp − 2|p||k| +
{
2|p|2 − k2 − (k
2 + 2k0ωp)
2
|k|2
}
× ln k
2 + 2k0ωp + 2|p||k|
k2 + 2k0ωp − 2|p||k| −
4|p|k20
|k|
]
×
[
nB(µ
∗, T ) + n¯B(µ
∗, T )
]
(A17)
The dispersion relation for the longitudinal (transverse) mode now reads
k20 − |k|2 −m2V +ReΠDL(T)(k0,k) + ReΠF(k2) = 0 (A18)
Usually the physical mass (m∗V ) is defined as the lowest zero of the above equation in the limit k→ 0. In this limit
ΠDT = Π
D
L = Π
D, and we have,
1
3
Πµµ = Π = Π
D +ΠF (A19)
where
ΠD(ω,k→ 0) = −4g
2
VNN
π2
∫
p2 dpF (|p|,M∗) [ nB(µ∗,T) + n¯B(µ∗,T)] (A20)
with
F (|p|,M∗) = 1
ωp(4ω2p − ω2)
[
2
3
(2|p|2 + 3M∗2) + ω2
{
2M∗(
κV
2M
)
+
2
3
(
κV
2M
)2(|p|2 + 3M∗2)
}]
(A21)
where ω2p = p
2 +M∗2.
The effective mass of the vector meson is then obtained by solving the equation:
k20 −m2V +ReΠ = 0 (A22)
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One finds reference to two other kinds of masses in the literature. The invariant mass is defined as the lowest order
zero of eq.(A18) with ΠD neglected. Again, the screening mass of a vector meson is obtained from the pure imaginary
zero of the quantity on the left hand side of the same equation with k0 = 0.
The imaginary part of the self energy of a particle is related to the probability of its survival in a medium at finite
temperature. For a rho meson propagating with energy ω > 0 and three momentum k this is given by
Γ(ω) =
g2ρpipi
48π
W 3(s)
s
ω
[
1 +
2T
W (s)
√
ω2 − s ln
{
1− exp[−β2 (ω +W (s)
√
ω2 − s)]
1− exp[−β2 (ω −W (s)
√
ω2 − s)]
}]
(A23)
where s = k2 = ω2 − k2 and W (s) = √1− 4m2pi/s. In the limit |k| → 0 , the above expression reduces to the
in-medium decay width and is given by
Γρ→pi pi =
g2ρ pi pi
48π
ωW 3(ω)
[(
1 + n(
ω
2
)
) (
1 + n(
ω
2
)
)
− n(ω
2
)n(
ω
2
)
]
(A24)
where ω = m∗ρ is the in-medium mass of the rho due to N −N interaction.
APPENDIX B:
pi
pi
ρ ρ
η
γ
ρ
pi pi
η
ρ
ρ
ρ γ
      (a)
                      
(b)
FIG. 21. Feynman diagrams for pi pi → η γ and pi η → pi γ.
The ρπη interaction is described by Eq. (15). The invariant amplitude for the reaction π+(p1) + π
−(p2) →
η(p3) + γ(p4) is given by
|Ma|2 =
4π α g2ρρη
m2η[(s−m2ρ)2 +m2ρΓ2ρ]
[
s(u−m2pi)(t−m2pi)−m2pi(s−m2η)2
]
(B1)
The Feynman diagram for the above process is shown in Fig. (21a). For the reaction π±(p1)+η(p2) → π±(p3)+γ(p4)
(see Fig. (21b)),
|Mb|2 =
4π α g2ρρη
m2η[(t−m2ρ)2 +m2ρΓ2ρ]
[
t(u−m2pi)(s−m2pi)−m2pi(t−m2η)2
]
(B2)
The coupling constant gρρη is evaluated from the following relations:
Γ(ρ → η γ) = (m
2
ρ −m2η)3
96πm2ηm
3
ρ
g2ηγρ
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gηγρ =
e gρρη
gρpipi
g2ρpipi
4π
= 2.9 (B3)
and Γ(ρ → η γ) = (57±10.5) keV.
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